Stirling power conversion is a potential candidate for use in a Radioisotope Power System (RPS) for space science missions because it offers a multifold increase in the conversion efficiency of heat to electric power and reduced requirement of radioactive material. Reliability of an RPS that utilizes Stirling power conversion technology is important in order to ascertain long term successful performance. Owing to long life time requirement (14 years), it is difficult to perform long-term tests that encompass all the uncertainties involved in the design variables of components and subsystems comprising the RPS. The requirement for uninterrupted performance reliability and related issues are discussed, and some of the critical areas of concern are identified. An overview of the current ongoing efforts to understand component life, design variables at the component and system levels, and related sources and nature of uncertainties are also discussed. Current status of the 110 watt Stirling Radioisotope Generator (SRG110) reliability efforts is described. Additionally, an approach showing the use of past experience on other successfully used power systems to develop a reliability plan for the SRG110 design is outlined.
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I. Introduction
Decades of research on Stirling power conversion, and the ongoing joint efforts between the NASA Glenn Research Center (GRC) and the Department of Energy (DOE) to develop a free-piston Stirling radioisotope power system has made it possible to be considered as an energy conversion system option for future deep space science missions. The 110 watt Stirling Radioisotope Generator (SRG110) now under development has a multifold increase in efficiency and would reduce the inventory of the radioisotope fuel by a factor of 4 compared to the Radioisotope Thermoelectric Generators (RTGs) for an equivalent level of power. GRC has been involved in the development of Stirling power conversion technology for over 25 years and is currently providing technical support to DOE and their system integration contractor for the SRG110, Lockheed Martin, at Valley Forge, PA.
Owing to the requirement that any new radioisotope power system for NASA deep space missions perform efficiently without failure and maintenance for up to 14 years, high reliability is of paramount importance over the life of the mission. This includes prelaunch handling, assent, space flight, and possible descent to a planetary surface. The Stirling convertor is a free-piston device consisting of many components, materials, electronics, and heat exchangers. Flight development of the Stirling convertor would involve multiple disciplines. The convertor has minimal number of moving parts, and the design has eliminated and/or minimized all principal wear and life limiting mechanisms. As a result, there are key critical components, and the system as a whole, that need to be assessed to assure reliability. Additionally, the SRG110 that is being developed is a technology that does not have flight heritage as a power conversion system for the missions under consideration. Therefore, there are many issues related to the reliability quantification that must be investigated.
The SRG110 can be considered to consist of five (5) major components or subsystems such as the heat source, the Stirling power convertor, structure, radiator, and the controller electronics. Uncertainties in the design variables that affect the SRG110 reliability and an outline of the possible approaches for quantification have been discussed by Shah, et al. 1 Accordingly, the reliability quantification of SRG110 involves analytical studies as well as component, sub-system and system level tests to ensure the desired performance objective and success of the power system. However, due to the long lifetime requirements, it is not practical to run long-term tests that simulate the actual operational conditions prior to a mission. Additionally, the SRG110 has been designed to eliminate all primary wear-out failures in the Stirling convertor. These are the same design approaches that were successfully used in the development of long-life cryocoolers, and similar challenges were faced in demonstrating long-life and reliability. However, the purpose of assuring the reliability is to ensure that the SRG110 will not experience malfunction or failure under any uncertain condition, material flaw or off-design operating condition that may be due to failure of electronics, control and sensors, or malfunction of any major components.
Possibility of failures always exists in any engineering design system. The occurrence of failures may be designed to be very rare, using high margins of safety, extensive testing, verification, quality control, inspections, etc. Therefore, as engineers, we know that certain failure modes do have a definite probability of occurrence and therefore affect the reliability of the system. A smart way of dealing with these design systems is to clearly understand the failure modes, scenarios that cause failures and apriori design remedial measures to address and reduce its impact on the overall performance without sacrificing the mission objectives, including mission safety. Understanding the issues related to the reliability of the Stirling Convertor Assembly (SCA) is key to the flight qualification, certification and mission success. This paper identifies potential issues affecting the Stirling Convertor Assembly reliability and progress that has been made in the early phase of reliability quantification.
II. Stirling Radioisotope Power System
The SRG110 consist of a radioisotope heat source, Stirling convertor, structure, heat rejection system, and controller. The design, performance and reliability of the heat source, known as the General Purpose Heat Source (GPHS), which is provided by the Department of Energy is not in the scope of this paper. The salient features of the free-piston Stirling power convertor and the measures taken in the design and development to enhance reliability have been described in earlier publications. 2 The specific Stirling convertor being transitioned for potential flight applications is the Technology Demonstration Convertor (TDC) that has been developed by the Stirling Technology Company of Kennewick, WA. 3 The reliability of the TDC that would use the nominal 250 W of heat provided by a GPHS module is being quantified under the GRC technology development efforts (note that all current design and test activities are carried out using nonnuclear, surrogate heat sources). The reliability quantification process envisages the use of test data of at least four TDCs used in a range of tests at GRC, shown on test stands in figure 1, in addition to data from at least 12 other units under test at STC and LM. Critical components governing the performance and reliability of the TDC are the heater head, regenerator, displacer, flexures, fasteners, clearance seals, cooler, linear alternator (magnets, stators and coils), heat exchangers and the controller. The controller acts as a load for the convertor by processing the electrical power generated at the desired voltage to maintain the desired piston amplitude. In the process it also corrects the power factor of the power output, rectifies the alternating current (AC) power, and filters the output. The heat rejection system rejects the waste heat to space and performs a key function as the main structural element of the generator. Thus the reliability quantification of three subsystems namely; the Stirling convertor, heat rejection system and the controller forms the basis of SRG110 reliability. The  SRG110  integrates  two  synchronously  operated  and  dynamically  balanced  Stirling  convertors in the dual-opposed configuration, each with their respective GPHS modules. A cutaway of the generator being developed by LM is shown in figure 2. The power system for a mission would consist of one or more generators to achieve the required power level and possibly have a redundant generator if it is deemed necessary in the unlikely event of the failure of one SRG110. The reliability evaluation encompasses the operational presence of all the units and successful performance of the SRG110 from launch, throughout the mission, and including the possible landing on the surface of a planetary body.
III. Reliability of Stirling Convertor Components
Within the SRG110, the SCA performs the function of converting thermal energy into electrical energy. Key components of the TDC, shown in figure 3 , that dominate its reliability are the heater head, regenerator, displacer, flexures, fasteners, clearance seals, cooler, linear alternator assembly containing the magnets and stator laminations, heat exchanger and controller. Components and the integrated SCA are expected to have a life of up to 14 years or more for deep space missions. Mission success requires a reliable supply of uninterrupted power that meets all of the mission power quality requirements hinges on the reliability of these components. Some of the issues covering the reliability aspects of these components are discussed below.
A. Heater Head
The heater head is one of the most critical components of the convertor. It conducts heat from the GPHS module of the SRG110 and supplies it to the thermodynamic cycle. The structurally critical cylindrical heater head is made of thin section wrought Inconel 718 and must operate continuously at temperatures as high as 650 °C. Creep resistance is the prime-durability concern. Creep resistances for wrought alloys generally increases dramatically with increasing grain size. However, there is a sharp decrease in creep resistance if the number of grains is less than about 20 across the stressed section. 4 Therefore, the creep test data for various heats, heat treatments, and conventional product forms of Inconel 718 is not directly applicable to the heater head durability evaluation for this application. A reasonably large amount of creep test data from the Oak Ridge National Laboratory (ORNL) exhibits a large scatter in the life of Inconel 718 material. Also, the internally pressurized heater head (nominal 2.5-MPa) must not be allowed to distort excessively (or rupture) due to creep. The design variables governing the performance and life of the heater head will have uncertainties from different sources such as fabrication (geometry), environmental loads (pressure and temperature) and long-term creep behavior of the material (Inconel 718). Additionally, the heater head may experience a thermal excursion (possibly occurring due to failure in a control or sensor mechanism and taking time to correct the fault through health monitoring systems) of certain duration and magnitude during the mission that could affect the heater head life. Reliable durability evaluation of the heater head involves capturing these uncertainties.
A reliability assessment of the TDC heater head has been performed to evaluate the capabilities for long-term Space Science missions. 5, 6 The database on Inconel 718 generated by ORNL has been combined with data from tests 4 performed at NASA GRC on thin samples of the Inconel 718 to be used in the heater head. The purpose was to quantify uncertainties in the material behavior. Also, uncertainties in the geometry, pressure and temperature were included in the analysis. The assessment showed that the heater head has a life of 13.25 years with 99.99 percent probability of survival. For this analysis, end of life of the heater head was defined as the onset of tertiary creep, which is far short of a complete structural failure. Sensitivities of uncertainties in the material behavior, thickness, pressure and temperature were also quantified. As expected the heater head reliability is most sensitive to the uncertainties in the long-term creep behavior of Inconel 718. Also, the effect of possible thermal excursions on the heater head durability was investigated. The evaluation showed that thermal excursions up to 680 °C for durations up to 180 days, occurring within the first two years of mission life have, at most, a small effect on life. Evaluation of the effect of thermal excursions occurring in the later part of a mission, as well as more than one excursion during the life, need to be performed in a true probabilistic sense. Further comparison of computational results with the prototype short term accelerated tests in the laboratory is in the process to ascertain high reliability for term behavior.
B. Alternator Flexure
The flexure stack is another critical structural component of SCA and is required to undergo over 35 billion loading cycles during the 14 years of a planned mission without failure. Spiral geometrical configuration with one or more legs, with one end clamped at the stationary stator and other at the mover rod at the center provides a high radial stiffness and soft spring in the axial direction. The high radial stiffness allows maintaining non-contacting close clearance seal and provides linear motion without rocking. Use of flexures eliminates rubbing seals and lubrication, gas-bearing failures and provides good predictability, repeatability, reliability and stability as proven by its use in multiple space cryocoolers. Flexures used in many other applications have also demonstrated its efficiency, reliability, robustness, and safe operation over fairly good range of environmental conditions. SRG110 flexures are made from the highly fatigue resistant steel. Also, the flexures designed for SRG110 have undergone surface treatment such as shot peening in order to improve the fatigue life. However, like any material it is prone to the uncertainties in the manufacturing and fabrication process which affects its strength and long term behavior under cyclic loads known as fatigue strength. Since the fatigue strength of a material is a function of the stress level it is subject to, any scatter in the stress affects the fatigue life as well and as a result its reliability for desired life. The scatter in stresses is mainly derived from uncertainties in the material properties, geometry, loads and boundary conditions. Therefore, successful performance of flexures depends heavily on its long reliable fatigue life. Uncertainties in the flexure manufacturing and fabrication process, loading conditions and material strength need to be considered in the reliability assessment of the flexure fatigue life.
Generally the available fatigue tests are pure reversed bending for specimen geometry prepared using the American Society of Testing Materials (ASTM) guidelines. Cyclic reversed bending tests are easier to design and perform than cyclic axial fatigue tests. However, a multi-axial state of stress exists in the real components. Additionally, the probability of uncertainties in the fatigue life increases with the increase in size of components. Load factors have been applied to the results of bending test data to compare with the von-Mises (effective) stress in the components to assess the life and design components. Generally the load factor ranges between 07 ~ 0.9. Determination of appropriate load factor for a given state of multi-axial stress is critical and requires careful attention. A reliability evaluation of SRG110 flexures has been performed considering the above uncertainties and the vendor supplied fatigue test data. Analysis using a load factor of 0.8 shows that the uncertainties (listed in the order of sensitivity) in the material fatigue strength, the piston stroke, elastic modulus and thickness of the flexure are most significant for 98.54 percent reliability. It means that the uncertainties in theses variables can be reduced to improve the reliability. Better quality control, stricter inspection procedures and testing could be implemented to have control over scatter in these variables. Also, flexure fatigue test data for flexures developed by STC for use in the other similar Stirling convertors is being studied to quantify the load factor more accurately for use in the reliability analysis. Past experience at STC suggests flexure being highly reliable for life over 10 years. 7
C. Linear Alternator
The TDC linear alternator configuration uses stationary permanent magnets mounted on a stator to generate power. Excessive armature reaction to off design high temperatures, possible high armature current surges and oxidation may result in the partial demagnetization of permanent magnets and therefore the performance and reliability of the alternator. In order to achieve the desired performance and assure success of the power system, it is necessary to perform feasible tests on components, sub-system and system levels to validate the design. Since the linear alternator generates electrical energy using mechanical excitation of the mover and the magnetic field strength of the permanent magnets, it is one of the most critical components governing performance and reliability of the Stirling convertor, and the mission success of the power system.
The magnets are known to not degrade with time up to 15 years in the temperature range of -30 °C to 150 °C. However, the magnets do have uncertainties associated with their properties that affect the performance of the alternator. Additionally, the uncertainties associated with the geometry of the stator laminate assembly, the mover, the gap between mover and the magnet, etc. affect the performance of the alternator and ultimately the power output. Stirling linear alternator magnets are designed to operate in the temperature range and current amplitudes far away from the onset of demagnetization. However, the excursions of the temperatures for the reasons explained in the heater head section as well as currents spikes may occur during the mission and could push the conditions beyond the demagnetization boundary of magnets. The current spikes may be the results of some induced voltage spike due to controller malfunction or inductive load switching (such as motor or actuator turning on or off during the mission) or any atmospheric condition in space (similar to lightning). Although the inductance of the Stirling convertor is high enough to resist occasional voltage spikes of reasonable magnitudes, the uncertainties must be accounted for in the reliability evaluation of the magnets. A probabilistic evaluation of magnets and alternator using 3-D electromagnetic finite element analysis has already been performed and reliability assessment is in progress. The analysis shows that uncertainties in the permanent magnetization property and gap between the mover and piston have a significant impact on the reliability of output voltage. Analysis of the effect of current spikes is expected to start in near future as well. Effects due to oxidation, failure of epoxy bonds in stator laminates, etc. need to be included in the analysis as well.
D. Fasteners
The Stirling convertor is made up of several components joined together using fasteners and welds. Fasteners of critical importance are those between the piston housing and the heater head, the forward stator end ring to the aft stator end ring, the displacer spider to the piston housing, and the pressure vessel to the piston housing. Stirling convertor integrity to function as one unit is due to fasteners and welds that join different parts together. Although the fasteners are small but their significance to the integrity of the unit is very high, since it contributes to the deformation pattern and stresses in the components as well as could become a weak link leading toward failure under mission loads. Hence, the failure of fasteners or welds could impair the functionality of the convertor and result in mission failure.
Several important variables that impact the fastener behavior are the mission loads, fastener material properties, fastening process which involves amount of torque to be applied, sequence and pattern of applying the toques, friction between the contacting surfaces, o-rings, fretting of the parts being joined at the joining location, long term effect under deformation of the parts, etc. In addition to these, human error may also contribute to the fastener performance. Uncertainties associated with all these variables may influence fastener performance and could lead to possible failures affecting the reliability. Deterministic margin of safety does not provide it could vary under uncertainties. Fasteners could fail structurally or functionally. Considering the conservative nature of designs it may be possible that the fasteners may not fail structurally. However, if it becomes loose due to loss of friction through deformations, it could allow the parts to become loose, could cause vibratory effects in the structure, parts could loose clearance requirements, seals could become ineffective or make it prone to gas leakage, etc. and ultimately affect the performance. Excessive vibrations due to loose fasteners may result in convertor failure as well.
A detailed 3-D Finite Element Model (FEM) of the TDC, including different fasteners has been prepared at NASA GRC and a deterministic analysis has been performed. Sest, Inc. has started a reliability analysis using the 3-D FEM. Previously discussed uncertainties are included in the analysis and different possible failure will be considered in the reliability assessment.
E. Displacer Assembly
The displacer assembly performs the function of transferring working fluid from the hot end to the cold end required to convert thermal energy in to electrical power. In order to achieve the functional requirement, the gap between the displacer assembly and the heater head cylinder wall, and the linearity of the motion must be maintained. The displacer assembly consists mainly of the displacer body, displacer rod, and the flexures mounted between them. Displacer assembly failure could result due to cyclic fatigue failure of the flexures, due to flexures loosing their spring rate, or contact between the displacer and either the displacer rod or the cylinder under abnormal vibration and/or shock loads with the lose of alignment. The loss of clearance between displacer and the cylinder wall could lead to contact that generated debris or changes the dynamics, and may result in power output reduction which may be considered to be a functional failure. The uncertainties in the fabrication (material manufacturing, part fabrication, assembly process, etc.) and the uncertainties described for the alternator flexures in section B contribute to the possible uncertainties in the behavior of displacer assembly, thus affecting its reliability. Therefore, reliability of displacer assembly is very critical to the reliable functioning convertor during the entire mission. The reliability analysis against the cyclic fatigue failure of displacer flexure is similar to that for the alternator. However, the reliability of the entire displacer assembly needs to be performed for other causes of failure.
F. Regenerator
The regenerator in the Stirling convertor performs a crucial role of transferring heat into and out of the working fluid during each cycle. A survey of Stirling convertors indicates that the pressure drop losses contribute 10 percent of the convertor thermal efficiency. 8 The regenerator is made of thermally conductive material configured to have a large surface area to enable the heat transfer to and from the working fluid. The proposed regenerator for the SRG110 Stirling convertor uses random fiber material from a metallic alloy. The random arrangement of micro fibers provides open flow channels with a large surface area available and a minimum pressure drop. The desired arrangement of the fibers would provide thermal insulation or minimum thermal conduction in the axial direction and maximum radial conduction between the fibers. Random fiber regenerators are easy to fabricate and are cost effective. The flow friction is related to the heat transfer between the working fluid and the matrix. The randomness of the fibers is primarily in the plane perpendicular to the flow path and it enables heat transfer in the radial direction. Randomness of fibers could result in non-uniformity in the flow in random flow passages.
Due to the structural configuration, the thermal properties of the regenerator are random in nature and also the durability of the fibers could become an issue, such as in the case of shedding of fibers. Unsteadiness of the oscillatory flow influences the heat transfer and ultimately the efficiency of the convertor. The fluid mechanics and heat transfer behavior in regenerator is uncertain and/or difficult to characterize at macroscopic level under the oscillatory conditions. The porosity of the regenerator and the space between the regenerator and the heater and cooler heat exchangers (plenum thickness) are crucial to the efficiency of the regenerator. Eddy current flow formation in the porous media also changes heat dispersion properties. Considering the complicated nature of regenerator structure and its function, as well as possible effects of shedding, it is reasonable to perform a probabilistic evaluation of the regenerator and assess the long term reliability. Also, correlation with the test data measured at different levels of experiments are critical to validate and verify the quantified reliability. Long-term behavior of the materials is significant to the reliability of regenerator as well. Efforts in this direction are underway in collaboration with the regenerator technology development team head by NASA GRC.
G. Launch Environment
The Stirling convertor will be subject to steady g loads and random vibration while operating during the launch sequence. Abnormal and/or continuous vibrations could amplify the stresses and displacements in the components, impact the clearance requirements between components, and generate piston motions that could affect many other operational related issues. During the launch, the unit would be subject to g loads in different directions which could be random along with their amplitudes and frequencies. A random vibration test was performed for the TDC no. 1 in 1999, and further testing of a more advanced design is being planned. The random vibration test will increase in intensity until failure (failure based on the predefined failure criteria). Random responses of the unit will be measured, which can be used to model the random vibration behavior for the actual random mission loads in order to predict reliability.
H. Electronics, miscellaneous parts and items
Reliable performance and behavior of different components is also dependent upon the monitoring of system variables such as pressures and temperatures, using sensors and controls electronics. These items must be highly reliable and not induce unnecessary uncertainties. Therefore, reliability of sensors, controls, electronics, and other miscellaneous is equally critical items and must be quantified to ensure Stirling convertor reliability. Although standard techniques using MIL handbooks or IEEE guidelines could be used to quantify reliability, it is essential to ascertain that the modes of failures of these components that may not be covered by conventional methods be included in their reliability evaluation.
IV. Reliability Qualification Testing
There are many computational approaches available to quantify the reliability. However, key to the validity and authenticity of these approaches largely hinges upon its comparison with the test data. Knowing the fact that performing tests for the mission time of 14 years or longer is not a practical proposition from viewpoint of time, cost and manpower, different methodologies that use short term component and system-level tests need to be developed and used to validate the computational approaches. Computational approaches that are planned and currently being used have been described by Shah, et al. 1 These approaches are physics based that simulate uncertainties from the basics root level variables of the components. However, many challenging issues related to the testing remains to be addressed.
A logical approach would be to perform accelerated life testing at elevated environmental conditions that exceed levels for a typical planetary or deep space mission. The idea would be to induce failures resulting from design weaknesses over a reasonably short period of time. However, given the elimination of wear-out failure mechanisms in the TDC, accelerated tests may not reduce test time to a reasonable duration to accrue failures. The critical components for achieving long-life in a Stirling convertor do not have a common acceleration mechanism, and therefore accelerated life-tests of the convertor and/or system are not practical. Considering the highly integrated, multidisciplinary nature of the SCA, it is not clear that traditional accelerated life tests could be effectively used to predict the reliability of SCA for the mission.
In order to validate quantified reliability, one needs to determine how many tests and what kind of tests need to be performed. Probabilistic characterization of design variables requires many tests which is rarely possible, especially for the new materials and technology under development. Quantified sensitivities of design variables as well as statistical approaches such as Weibayes, design of experiments could used judiciously with logical engineering backup to determine the number and the nature of experiments to validate reliability Many component level tests for the materials and devices have already been planned and performed to alleviate the issues related to reliability validation of the components. Some of these have already been used in the reliability analysis e.g. heater head material tests. Additionally the test data measured from the continuous operation of the TDCs no. 13 and 14 in the laboratory will be analyzed and compared with the computed system reliability. Also, probabilistic analysis of the GRC System Dynamic Model, which models the SRG110 from heat source to end-user load, could be used and compared with the test data measured in the laboratory for reliability prediction.
V. Stirling Convertor Reliability
The SCA is a multi-disciplinary system comprised of different components. Therefore, SCA reliability is a system reliability determined by using the reliability of each individual component together with the interaction of components and system performance functions. Developing functions that define the component interactions involving different disciplines is quite challenging. It involves defining how the performance of different components affects the system level performance. Based on interactions among components and subsystems, a Reliability Event Tree (RET) diagram can be prepared. Input to the RET diagram events will be individual component reliabilities, component interaction functions, probabilistic correlations among components and a system performance function. Obtaining probabilistic correlations as well as using them in the system reliability analysis is important to capture their impact on system reliability and sensitivity quantification. Several different approaches including the Monte-Carlo simulation can be used to perform the system reliability. Appropriate modeling could enable comparison of quantified reliability with the limited test data.
VI. Summary
Key components of the SRG110 Stirling convertor impacting the reliability during the entire mission have been identified. Several major issues related to the reliability quantification of the Stirling convertor and its components have been described. Possible failure modes of different components and the Stirling convertor as a system have been described. Aspects of quantifying, validating and verifying the reliability of Stirling convertor components as well as the convertor as a system with the actual test data has also been described. Functions describing the interaction of the components and performance of the Stirling convertor have been shown to be important for the reliability assessment. Probability distributions of the component behavior together with performance functions modeling enable the reliability as well as sensitivity quantification. Importance of validating and verifying the quantified reliability with the limited available test data is discussed. Issues related to the number, nature and duration tests etc. to be performed, and their use in the reliability quantification has been discussed. A more through description of remaining issues not described in this paper is being prepared and will be published in the future.
